compensation, and treatment failure. 1 Achieving an SVA that is < 50 mm in the adult scoliosis population has been recommended for optimal postoperative health-related quality of life (HRQOL). 1, 16, 20 Degenerative spondylolisthesis with associated spinal stenosis remains a very common indication for spinal surgery, which has been shown to be superior in outcome compared to nonoperative treatment. 24 Several studies have investigated the relationship between pelvic parameters and the development of degenerative spondylolisthesis. 2, 12, 19 To our knowledge, however, few studies have attempted to demonstrate an association between sagittal balance and postoperative outcome specific to the degenerative lumbar spondylolisthesis patient cohort. 10, 13 Specifically, the importance of establishing an SVA < 50 mm in the degenerative lumbar spondylolisthesis population, as it is in the deformity cohort, remains unknown.
The objective of the current investigation was to determine whether postoperative sagittal balance and spinopelvic alignment affects patient-rated outcome measures after surgical treatment of spinal stenosis in patients with lumbar degenerative spondylolisthesis.
Methods

Patients
We hypothesized that patients with an SVA ≥ 50 mm would have a worse functional outcome and HRQOL than those with an SVA < 50 mm. The 50-mm discriminator is based on published findings within the spinal deformity population. 20 After obtaining approval from our institutional research ethics board, we performed a retrospective review of a consecutive series of patients identified from a prospectively maintained surgical database. Patients included for analysis were those who had undergone fusion and decompression for lumbar degenerative spondylolisthesis at our institution between 2008 and 2012 to treat underlying neurogenic claudication or radiculopathy from symptomatic spinal stenosis after the failure of nonsurgical management. The primary indication for surgery was an associated severe central spinal stenosis documented on MRI. Surgery was performed via an open posterior approach and included a partial laminectomy (surgical details are listed in Table 1 ). Surgery was isolated to the level of spondylolisthesis, and no attempt was made to rebalance or address potential hypolordosis adjacent to the level(s) of spondylolisthesis. Three fellowship-trained spine surgeons performed all surgeries. Patients eligible for study inclusion had to have a minimum clinical and radiographic follow-up of 12 months. The postoperative radiographic and outcome measures reported were those collected on the most recent postoperative visit. Patients were excluded if they did not have degenerative spondylolisthesis (that is, isthmic spondylolisthesis), had inflammatory spine disease such as rheumatoid arthritis, progressive neurological deficit requiring urgent surgery, malignancy at the time of enrollment, previous surgery at the involved spinal level, previous lumbar fusion, or an inability to complete the questionnaires or provide follow-up (for example, lack of permanent address, substance abuse, interfering psychiatric illness).
Patient-Rated Outcome Measures
The patient-rated outcome measures used were those collected preoperatively and at the last follow-up visit, including the Oswestry Disability Index (ODI), SF-36 physical component summary (PCS) and mental component summary (MCS) scores, Zurich Claudication Questionnaire (ZCQ), and numeric rating scale (NRS) for back pain. For the SF-36 PCS and MCS, higher scores imply better functioning. 6 The ODI evaluates physical disability secondary to back and/or leg pain on a scale of 0 to 100. 13 The ZCQ was used to evaluate the severity of spinal stenosis symptoms. 22 For the ODI and ZCQ, a higher score denotes worsening disability. The NRS for back pain ranges from 0 to 10, with lower scores indicating less severe symptoms.
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Radiographic Measures
Complete radiographic evaluation, including a standing 36-inch lateral radiograph and standing lateral lumbar spine radiograph, inclusive of the femoral heads, was performed, and the data were retrospectively collected from the last follow-up visit and not collected preoperatively. Only lumbar lordosis (LL) was available for collection preoperatively. Two assessors independently measured digital images with the Centricity 2.1 computer program (GE Medical Systems) using the calibrated guide. Any difficulty assessing radiographs was resolved by further assessment from a fellowship-trained spine surgeon to reach consensus. Sagittal alignment was evaluated using standing 36-inch lateral radiographs taken from above the C-7 vertebral body to below the sacral endplate. The SVA was measured by extending a vertical plumb line from the midpoint of the C-7 vertebral body and measuring the distance between this line and the posterosuperior corner of S-1.
1 Lumbar lordosis was measured using the superior endplate of L-1 and S-1. Thoracic kyphosis was measured between the superior endplate of T-4 and the inferior endplate of T-12. The instrumentation angle was measured using the superior endplate of the most cephalad vertebra in the instrumented construct and the inferior endplate of the most caudal instrumented vertebra. The pelvic parameters were measured using a standing lateral view, which included L-3 to below the femoral heads.
Statistical Analysis
Patients were divided into 2 groups based on a postoperative SVA ≥ 50 mm or < 50 mm, as described previously. 1, 16, 20 An unpaired t-test or the chi-square test was used for baseline comparison of continuous or categorical variables. The interrater variability of radiographic measurements was assessed using the intraclass correlation coefficient (ICC) based on a 2-way random-effects model utilizing absolute agreement. An analysis of covariance was conducted to compare outcome measures between patients with an SVA < or ≥ 50 mm, adjusting for baseline parameters that were significantly different in the univariate analysis. Analysis of covariance was used to compare spinopelvic parameters between groups, adjusting for type of surgical procedure. A post hoc analysis using an unpaired t-test or chi-square test was performed to compare radiographic parameters among patients with single-level spondylolisthesis and among those having multiple levels of spondylolisthesis. Pearson's correlation coefficient was used to assess the association between radiographic parameters and patient-rated outcome measures. A statistically significant difference was defined as p < 0.05.
Results
Eighty-four (60.9%) of 138 patients satisfied all of the inclusion criteria. Of the 54 patients who were excluded, 30 patients had incomplete radiographs, 20 patients were lost to follow-up, and 4 patients declined to participate.
Preoperative demographics for the 84 patients are listed in Table 1 . In the overall cohort the mean age at the time of assessment was 71.1 ± 9.2 years, and 57.1% of the patients were female. The mean follow-up was 3 years (range 1-6 years). Thirty-nine patients (46.4%) had an SVA < 50 mm, and 45 (53.6%) had an SVA ≥ 50 mm. The mean SVA in the < 50-mm group was 26.0 mm (range -47.8 to 48.8 mm) and 89.9 mm (range 50.3-160.5 mm) in the ≥ 50-mm group. Patients in the 2 groups were similar in age, sex, body mass index, smoking history, and employment history. Neither were baseline preoperative scores for SF-36 PCS and MCS, ODI, NRS for back pain, and ZCQ significantly different between the 2 groups. The majority of patients in the 2 groups had Grade 1 spondylolisthesis (82.1% vs 88.9%) occurring at the L4-5 level (89.7% vs 75.6% for SVA < 50 mm vs SVA ≥ 50 mm, respectively). However, multiple levels of spondylolisthesis (20.0% vs 5.1%, p = 0.044) and spondylolisthesis at the L3-4 level (31.1% vs 12.8%, p = 0.046) were more common among patients in the SVA ≥ 50 mm group. There was no significant difference in preoperative LL between the groups (51.2°, range 24°-72° for SVA < 50 mm vs 47.7°, range 22°-71° for SVA ≥ 50 mm; p = 0.228).
In the overall cohort, 65.5% of patients had a posterior interbody fusion, and 29.8% had an instrumented (pedicles screw rod construct) posterolateral intertransverse process fusion ( Table 2 ). The rates of posterior interbody fusion and instrumented posterolateral fusion were similar among participants in both groups (p = 0.732). Multiple levels of fusion occurred more frequently among patients in the SVA ≥ 50 mm group (33.3% vs 12.8%, p = 0.028).
Patient-Rated Outcome Measures
The overall results of the various outcome measures adjusted for multiple levels of spondylolisthesis and multiple levels of fusion (baseline parameters that were significantly different in the univariate analysis) can be seen in Table  3 (95% CI 0.07-2.6, p = 0.039) and tended to be 0.3 points higher on the ZCQ scale (95% CI 0.01-0.7, p = 0.068) than those with an SVA < 50 mm, indicating a poorer postoperative outcome. The SF-36 MCS score was not different between groups (p = 0.789).
Postoperative Radiographic Measures
The ICC scores for assessing the radiographic parameters demonstrated excellent interrater reliability for the 2 radiograph interpreters (Table 4) . After controlling for type of surgical procedure, there was no difference between the SVA groups (< 50 vs ≥ 50 mm) in postoperative pelvic incidence (PI), sacral slope (SS), pelvic tilt (PT), or thoracic kyphosis (TK; Table 5 ). However, postoperative LL and PI-LL were statistically significantly different between the 2 cohorts. In keeping with the above result, 51% of patients in the cohort with an SVA ≥ 50 mm had a LL < PI − 9° as compared with 23.1% in the cohort with an SVA < 50 mm (p = 0.013). In the post hoc analysis, patients with multiple levels of spondylolisthesis had a significantly greater SVA (p = 0.004) and tended to have a smaller postoperative LL (p = 0.091), greater instrumentation angle (p = 0.054), and inadequate PI to LL relationship (LL < PI − 9°, p = 0.061; Table 6 ).
Correlation of Radiographic Parameters With Outcomes
The SVA negatively correlated with SF-36 PCS (r = −0.263, p = 0.017) and positively correlated with ODI (r = 0.217, p = 0.049), suggesting that, as SVA becomes more positive, physical function declines and spine-specific disability worsens. Thoracic kyphosis and the NRS for intensity of back pain were negatively correlated such that the higher the TK, the more pain the patient experienced (r = −0.238, p = 0.031). A higher postoperative PI and LL correlated with a higher SF-36 MCS score (r = 0.252, p = 0.022 and r = 0.282, p = 0.010, respectively).
Discussion
It is well accepted that spinopelvic alignment is important to postoperative outcome for adult spinal deformity and isthmic spondylolisthesis surgery. 1, 5, 7, 11, 15, 20, 21 To the best of our knowledge, however, this has not been well studied in a surgical cohort with degenerative spondylolisthesis; the literature has included review articles, 12, 13, 16 a retrospective review comprising a heterogeneous cohort with lumbar fusions, 14, 23 and a pilot study. 10 This is especially pertinent because surgery for degenerative spondylolisthesis with spinal stenosis is a common and successful procedure. 24 In accordance with previous deformity studies, our study has shown that patient-rated outcome is influenced by overall postoperative sagittal balance as defined by the SVA. 16, 20, 23 Achieving an SVA < 50 mm in the adult scoliosis population has been recommended for optimal postoperative HRQOL. 1, 16, 20 Although degenerative spondylolisthesis is a much smaller deformity (than is recognized for the adult deformity populations), our cohort with an SVA < 50 mm had a significantly improved HRQOL (SF-36 PCS) compared with that in patients with an SVA ≥ 50 mm, as well as a significantly improved ODI, NRS, and ZCQ. This is in contrast to patients who have spinal stenosis without instability, who have been found to derive similar improvements following decompression regardless of their preoperative sagittal balance. 3 Interestingly, sagittal balance has been found to improve postlumbar decompression in patients with isolated spinal stenosis. 4, 9 The postoperative spinopelvic parameters differing between the SVA cohorts included LL, PI-LL, and LL = PI ± 9°, but did not include PI, TK, PT, or instrumentation angle. Therefore, the important relationship between PI and LL as it pertains to achieving an SVA < 50 mm (previously defined for the spinal deformity population) is valid for the degenerative spondylolisthesis group. 20 However, in our study population the postoperative mismatch between the PI and LL more common to the SVA ≥ 50 mm cohort is not the result of an increased PI but rather of a relative insufficient postoperative LL. Therefore, patients with a high PI require more LL postoperatively to maintain sagittal balance and may be under-corrected, as it is more technically challenging to restore a high LL. 13 Interestingly, the instrumentation angle was not different between the study groups, suggesting that the instrumented fusion itself was not a cause of the deficient LL. Therefore, it stands to reason that these patients were more likely to have a relatively smaller LL preoperatively. Preoperative lordosis was found to differ clinically by approximately 5° between groups but not statistically so. Unfortunately, because of the retrospective nature of the study, preoperative sagittal balance and PI are not available for review.
The SVA ≥ 50 mm cohort was more likely to include patients with multiple levels of spondylolisthesis and multiple levels requiring fusion, suggesting that these variables Values adjusted for multiple levels of spondylolisthesis and multiple levels of fusion and expressed as the mean ± standard error. * p < 0.05, SVA < 50 mm compared with SVA ≥ 50 mm. may be risk factors for insufficient postoperative LL and a resulting positive sagittal imbalance. A further post hoc analysis supported this assertion as patients with multiple levels of spondylolisthesis had a significantly higher SVA and tended to have a smaller postoperative LL, instrumentation level, and inadequate PI to LL relationship (LL < PI − 9°). The indication for and goal of surgery in this patient cohort was treatment of the symptomatic spinal stenosis and associated degenerative spondylolisthesis, and no attempt was made to address a "degenerative flat back." Unfortunately, this study found that the overall LL but not the instrumentation angle was significantly different between cohorts, suggesting that a much more extensive surgery may be necessary to account for the sagittal decompensation than would otherwise be required to treat the neurogenic claudication and radiculopathy. A recent study has confirmed that fusion for lumbar degenerative disease is much more likely to improve spinopelvic parameters and balance if it involves a long fusion compared with a short fusion. 14 Certainly, further multicenter prospective studies should be performed before such a large change in surgical practice could be justified for the treatment of lumbar degenerative spondylolisthesis.
Previous authors have discussed the importance of obtaining a PT < 20°. 1, 16, 20 A PT > 20° with a positive SVA is thought to reflect a retroverted pelvis and sagittal imbalance. Kim et al. noted in their study of degenerative spondylolisthesis patients that those whose PT improved after surgery had greater improvements in their NRS and ODI scores. 10 In our study we found no difference in PT between the SVA < 50 mm group and SVA ≥ 50 mm group, nor a correlation between PT and patient-rated outcomes. However, both of our study cohorts had a mean PT > 20° and a positive SVA, which likely explains the lack of difference between our study groups.
To our knowledge, this is one of the first studies to evaluate the potential importance of postoperative sagittal balance and spinopelvic parameters in a cohort of patients with degenerative spondylolisthesis treated surgically.
However, it was a retrospective review of prospectively collected data, which has the inherent flaws of any such clinical study design including loss to follow-up, incomplete radiographic follow-up without preoperative 36-inch films, and nonrandomized treatment allocation. Despite the retrospective nature of this study, the demographics were similar between groups apart from the multiple-level spondylolisthesis and fusions, the data collection was standardized, and the radiographic analysis was valid and reproducible as indicated by the high interobserver reliability measures. The majority of the study population had single-level spondylolisthesis and fusion at the L4-5 level, which may impact the generalizability of the study. As patients with multiple-level spondylolisthesis and fusions were more common to the SVA ≥ 50 mm cohort, these potential risk factors should be further investigated with a larger powered prospective study. Another limitation is that the indications for surgery and the surgical technique were not standardized a priori. Based on the recognized practice standards of the time, almost all patients in this cohort were treated with fusion and decompression. 17 Although no specific algorithm was used, the general approach was to perform an interbody fusion if indirect foraminal decompression or local kyphosis correction was required or if a posterolateral fusion was deemed less likely to occur (that is, inadequate fusion bed). Finally, preoperative 36-inch imaging was not routinely performed for this cohort; therefore, whether the sagittal imbalance was preexisting or developed postoperatively is unknown. However, we now recommend 36-inch imaging studies preoperatively at least to inform the decision-making process and expectations.
Conclusions
Our study has found that patient-rated outcome is influenced by overall postoperative sagittal balance as defined by the SVA. This suggests that for patients with degenerative lumbar spondylolisthesis, overall sagittal balance and spinopelvic parameters should be considered during operative planning and counseling to patient expectations with respect to expected improvements in pain, function, and HRQOL. 
